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Abstract
In this paper, nHAp-BMP-2 hydrogel is carefully synthesized in order to optimize the organic and
inorganic compatibility which induces osteogenesis—the formation of new bone. This new
method is a novel development within the medical field, giving more hope to those suffering from
traumatic bone injuries. A drawback with using hydrogels is the difficulty of controlling peptide
release in the affected areas. Too quick of a release alarms the human inflammatory response
resulting in more substantial injury and an even prolonged recovery time. On the other hand, if the
peptides that promote bioactivity are released too slowly, the bone will not receive the necessary
amino acids required for healing. By achieving an ideal pace for peptide release, there is an
increase in bioactivity, sustainability and compatibility between the three components in the
hydrogel. Out of three hydrogels that have previously been synthesized, nHAp-BMP-2 was proven
to regenerate the most new bone, as seen in a study conducted on rat craniotomies. The next steps
in hydrogel research is further understanding the differences between the rat versus human bone
structure in order to translate the procedure over to promote new bone growth in humans. Once
this is better understood, the medical field might just be changed forever.
Introduction
With the constant increase in bone injury due to the aging population, natural bone grafts
are unable to meet the clinical demand of those in need, prompting the need for synthetic bone
grafts. Currently, there are nearly one million surgical procedures addressing issues that involve
bone loss which oftentimes result in post-operative infections and immune rejection of the grafts.
In order to sufficiently meet these needs, it is important to master the organic and inorganic
compatibility which enhances cell storage modulus and results in an ideal bioactive
microenvironment for attachment, proliferation, and osteogenic differentiation of stem cells for

Ewing 3
the regeneration of bone. This is achieved through attempts to mimic the chemical composition of
natural bone through hydrogels with inorganic biomimetic particle injections. Some of these
inorganic particles include nanohydroxyapatite (nHAp), silicate, manganese doped bioresorbable
ceramic scaffold, and a titanium compound. A recent study conducted within the past year
synthesized a new hydrogel composed of nHAp covalently immobilized to a bone morphogenetic
protein (BMP-2) and gelatin, creating nHAp-BMP-211. Due to the difficulties of mastering an ideal
hydrogel environment and understanding the effectiveness of the gel for the regeneration of bone,
the use of hydrogels for injuries within humans continues to remain a heavily researched field of
study.
Foundations of Bone
Bones are quite complex materials within the human body; they are highly dynamic and
active organs. Bone size, shape, and density vary across people and therefore grow at different
rates, specific to each person. There are three main components of bone which include proteins,
cells, and minerals. The majority of bone, 50%, is composed of proteins which is mainly collagen.
Collagen provides scaffolding within bone that contributes to the strength and structure. The next
15% of bone within the body is made up of three different types of cells—osteoblasts, osteoclasts,
and osteocytes. The osteoblasts, otherwise known as lining cells, produce the extracellular matrix
(ECM) which makes up the most dry weight of bone. These specific cells also regulate calcium
flow both into and out of the bone and respond to changes in hormonal levels of the body by
making proteins which in turn activate osteoclasts. Osteoclasts on the other hand come from bone
marrow and absorb bone tissue during growth and healing. These cells are commonly found on
the surface of the bone mineral, near the parts of the dissolving bone. Lastly, osteocytes are formed
when the osteoblasts become embedded in the ECM they secreted. The final 35% of bone is
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composed of minerals, specifically inorganic material. This is mainly calcium and phosphate in
the form of hydroxyapatite, which provide the hardness of bone6. About 6 million bones are broken
in the United States each year, prompting further research in osteology2.
Previous Bone Support Interventions
The organic and inorganic environments within the biological system have been heavily
studied in the past in order to optimize bone healing from injuries. Many have relied on physical
support such as screws and rods which incorporate the tissue and bone to heal and provide
strength9. These titanium, or often stainless steel, devices mend a bone injury by applying
compression which is distributed evenly across surfaces of the injured bone29. Others have relied
on a different category of support such as a heart stent which is an expandable mesh tube comprised
of metal alloys that avoid incorporation of tissue to function properly29. When arteries accumulate
plaque, blood flow is reduced to the heart further requiring an aide, such as a stent, to open the
artery up to decrease risk for heart attack28. Within both of these processes, it is essential to
eliminate foreign bodies that may lead to infection, known as biocompatibility, and have an
understanding of the role the physical support has in regards to bone regeneration.
The hydrogels developed to promote bone regeneration while also maintaining a controlled
biological response must be designed in a way that incorporates the bone and tissue environment
around them. Hydrogels are cross-linked polymer structures that have the ability to swell and retain
a significant volume of water without physically dissolving in the water because of the hydrophilic
nature of the functional groups attached to the polymeric backbone18. Due to the high amounts of
water within the gels, they closely resemble natural tissue—specifically the extracellular matrix
which regulates a cell’s dynamic behavior. High mechanical strength of hydrogels is essential for
slow degradation rates and high durability of tissue18. If there is degradation occurring, the rate of
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osteogenesis will also decrease which is counterproductive to the desired goal of new bone
growth4.
Research Study
To accomplish the main goal of improving the organic/inorganic compatibility between
bone composition in the 2018 study conducted by Shao, et al., nHAp-BMP-2 hydrogels were
synthesized which mimicked the chemical composition of bone. Hydrogels are used for
regenerative medicine due to the ease and ability to favor optimal bone integration within the
scaffold. nHAp was used since it is the most stable calcium phosphate under the major
physiological conditions such as temperature and pH21. This structure has various similarities to
human bone tissue such as the size, chemical composition, and crystallography21. nHAp was then
immobilized to BMP-2 which is one of the essential growth factors in cartilage within the joints
Figure 1. Nanohydroxyapatite structure
mimicking normal bone composition. This
structure has a formula of Ca5(OH-)(PO4)3. The
Ca+ ions are coordinated by the P and OH-. The
OH- ions are bonding to the hydrogen atoms
around the outside of the structure (The
University of Liverpool).

of the body5. BMP-2 is localized within bone tissue and is released in response to bone damage,
stimulating mesenchymal cells into osteoblasts and inducing cell proliferation—the rapid growth
of new bone cells5. Bone morphogenetic proteins can be cytokines or metabologens that induce
bone and cartilage formation while also developing a network of tissue. This nHAp-BMP-2
hydrogel was then covalently immobilized to a gelatin base which was used to closely resemble
natural extracellular matrix, the main component of connective tissue, making up most of the dry
weight of bone11. Gelatin was used due to the low expense and its ability to undergo photo crosslinking more easily. Photo cross-linking is the formation of a covalent bond between two
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macromolecules or between two different parts of one macromolecule and allows for
determination of intermolecular dynamics that regulate the functioning of cells25. This method
aided in observing what attractions were present within the synthesized hydrogel. In the past,
synthetic bone grafts used hydrogels which were composed of peptides, proteins, lipids, and
surfactants but in this recent paper published less than a year ago, the hydrogels were injected with
water soluble particles, Ca2+. The development of nHAp-BMP-2 preserves bioactivity of the
regenerated bone cells while also controlling the peptide release of the BMP-2 molecules11.

Figure 2. Preparation of hydrogel nHAp-BMP-2. The covalent immobilization is driven by the
formation of covalent and non-covalent bonds between components11 (Zhou, 2018). It is developed
to preserve bioactivity and slow peptide release. Final product is synthesized with the addition of
N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC).

Figure 2 shows the evolution of nHAp-BMP-2; in each step of this process, three different
compounds are immobilized to the hydroxyapatite with an objective of developing the most
effective hydrogel. Originally, oleic acid-modified nHAp was produced, having a structure mainly
composed of a long fatty acid chain. Following a ligand exchange, O-phosphorylethanolaminemodified nHAp containing a phosphate and amine group was made. This intermediate became the
most common hydrogel used for bone regeneration research for many years. With hopes to
continue developing a more effective gel, nHAp-PEA was displaced in a phosphate-buffered saline
solution

and

1-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide

along

with

N-

hydroxysuccinimide were added to attain nHAp-BMP-2. The biocompatibility of the gels was
tested against bone marrow mesenchymal cells (BMSCs) in order to observe the cell viability; the
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results of this test are shown in figure 3. Not only did nHAp-BMP-2 demonstrate an increased rate
of viable cells, it also showed distribution mainly in the cytoplasm with no nucleus nor cell
morphology changes ultimately resulting in greater numbers of cell proliferation and
differentiation11. Both of these characteristics promote bioactivity which is the ability for materials
to develop a direct, adherent, and strong bonding to bone tissue4.
Bioactivity is essential for bone regeneration since it is the ability for a living cell—an
organism or tissue—to respond to new bone growth10. Without active tissue, the mesenchymal
bone marrow cells would not be able to thrive within the microenvironment—the hydrogel. BMP2 peptide release on the other hand, is crucial to control as previously mentioned. Prior to the study,
the issue with the preexisting synthetic bone grafts is that they often released peptides at a slower
rate than desired, leading to prolonged bone regeneration processes. In this study, it was critical to
try and develop a way to better control the rate at which the peptides are released from the hydrogel
to the affected areas that are in need of new bone formation11. If the peptide is released too quickly,
the human inflammatory response may lead to tissue edema which is the build up of fluid within
tissue, causing major swelling and pitting12. On the other end of the spectrum if the peptide is
released too slow, body tissue will not receive the necessary amino acids to continue living and
spreading which defeats the whole purpose of the study. Through achieving an ideal pace for
peptide release, there is an increase in bioactivity, sustainability and compatibility between the
three components in the hydrogel11.
In order to apply the hydrogel and test the affect on bone regeneration, bone marrow
mesenchymal cells from rat skulls were cultured onto the synthesized hydrogel. To further test
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Figure 4. BMP-2 peptide release BMP-2 peptides within the hydrogel are released in
response to _, entering the injured area. These growth factors promote osteoinduction,
allowing new bone to form once there is a controlled release.

the effectiveness of the synthesized hydrogels within the biological system of a living organism
for promotion of new bone growth, there were two conditions—both in-vitro and in-vivo11.
In-vitro, the biomineralization of BMSCs on the hydrogel surfaces was tested to observe
the influence of the hydrogel microenvironments and BMP-2 peptide release on cell adhesion,
proliferation, and differentiation. In-vivo, the nHAp-BMP-2 and other hydrogels were injected
into the subcutaneous tissue of rat skulls and the hydrogel degradation profile was studied along
with the body’s response to a foreign substance. The hydrogels were studied on a consistent twoweek basis or until it was fully degraded. Following 35 days, the hydrogels were then removed
and freeze-dried to measure the mass, revealing more about the degradation rates of the organic
polymers11.
The results of the new hydrogel were compiled after a span of 12 weeks in-vivo. One of
the main focuses of this experiment was the influence of the microenvironment for cell adhesion
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and viability. Mechanical properties of the hydrogel were noted like the texture of the surface—
rough or smooth. It was found that cells adhere better to hydrogels that do have a rough surface11.
In order to observe these trends within the synthesized hydrogels, Transmission Electron
Microscopy (TEM) was used. This specific type of electron microscopy is similar to light

Figure
5.
Transmission
electron
microscopy
used
for
property
identification within hydrogels. This type of
electron microscopy shoots a beam of high
energy electrons through a sample—in this
case the hydrogels—interacting with the
atoms in the gels. This displays the crystal
structure, allowing for observation of size,
shape, density, and additional characteristics
of the nanoparticles.

Figure 6. Nanoparticle characteristics
within three synthesized hydrogels.
Following lyophilization and mapping Ca
and P, cross-sectional images of the
hydrogels were taken. Physiochemical
properties of the three different gels are
observed from the images based on the TEM
results. Microscopy images reveal storage
modulus capacity within the gel composites
as seen by hydrogen bonding between BMP2 and the gelatin.

microscopy but shoots a high energy electron beam into a sample, instead of a beam of light, where
the electrons and atoms can interact, displaying the crystal structure26. TEM was especially helpful
in observing the morphology of inorganic nanoparticles.
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TEM, along with a plethora of other analysis methods, were useful for observing cell
viability, proliferation, and alkaline phosphatase activity which is associated with various disease
states in the liver and bone, and properties of bone marrow mesenchymal cells which produce
cartilage, bone, and fat1. Through this chemical analysis, the hydrogel environments were
studied—the growth of the layers and the quality, size, shape, and density of the nanoparticles
within the gel. This was beneficial for the study since the nHAp-BMP-2 gel composite was shown
to guarantee a balance of a cell living microenvironment and a large amount of moisture retention,
otherwise known as the storage modulus. This ultimately helps cell growth, resulting in optimal

Figure 7. Affected rat skull area and
application of a hydrogel. The first
image of the skull bone in the top left
corner is what the damaged skull bone
looked like before the hydrogel was
added. The image on the bottom right
is what the skull looked like once the
hydrogel was placed (Shao, et al.,
2018).

Figure 8. Rat skull healing with four
different conditions. The control, gel,
and gel/(nHAp-PEA) all exhibit
minimal to no healing areas of the
skull bone as seen from the black gaps,
indicating no growth. The gel/(nHApBMP-2) exhibits a thin layer of new
tissue bridging the gap between the
affected skull area (Shao, et al., 2018).

pore size and enhanced mechanical stability, all of which promote osteogenesis11.
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At the end of four weeks and twelve weeks, images were taken of the rat skull bone with
four different conditions: one control, a normal gelatin compound, nHAp-PEA hydrogel, and
nHAp-BMP-2—the hydrogel specifically synthesized for this study. The nHAp-PEA hydrogel is
the current most common gel used for synthetic bone graphs. This is the intermediate seen in
Figure 2, before the NHS and EDC were added11.

Figure 9. Comparison of new bone growth between four conditions. Highest ratio of the
percentage of new bone growth and the bone volume was exhibited in the gel/(nHAp-BMP-2), as
shown in orange.

The results clearly show how, especially after 12 weeks, the best bone growth occurred in
the nHAp-BMP-2 hydrogel, which was expected. A staining of this synthesized hydrogel after
growth revealed better bone regeneration efficacy, a restored histology of skin tissue, higher new
bone density and healing, and the thickest bone resembling matrix11.
Conclusion
Overall, enhanced inorganic/organic compatibility between the particles within the nHApBMP-2 hydrogel was evident. A multitude of tests, including TEM, revealed enhanced storage
modulus for cell water retention with negligible swelling. This result demonstrates the high
stability of the particles during cell cultivation with preserved bioactivity. Additionally, the ideal
microenvironment for attachment and proliferation of new stem cells was achieved within this new
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hydrogel. The nHAp-BMP-2 hydrogel composition showed increased forces of attraction between
the calcium ions in the hydroxyapatite and the bone morphogenetic protein11.
In the future, it is crucial to observe the structural aging factor of the biomimetic inorganic
particles to make sure the hydrogel remains intact during bone regeneration. The study touched
upon this briefly however, in order for precise healing timelines to be diagnosed, it is crucial to
know these miniscule details thoroughly. Additionally, it is important to look at the body’s ability
to eliminate the hydrogel since too fast of a peptide release results in cytotoxicity. The hydrogel
must also be useful for a variety of muscle groups which means replicating the study with various
regions of the body, since it may act differently. This requires a well-developed procedure that can
easily translate over to human subjects as well. A considerable portion of the bone structure within
rats is quite different than the human skeleton in terms of size and healing properties thus making
it important to understand what effects the differences will have. Specifically within the procedure,
one of the most important goals is understanding the duration at which the hydrogel will be most
effective. An optimal 12 weeks for regeneration of a rat skull may be completely different than
regeneration of part of a tibia within the human body.
The new development of the hydrogel composed of nanohydroxyapatite, bone
morphogenetic protein, and gelatin gives tremendous hope to the osteogenic world. Within the
hydrogel, the high forces of attraction between the inorganic and organic particles, preserved
bioactivity, and controlled peptide release all promote promising regeneration of bone at a rate that
is incomparable to natural bone healing and the current method using the nHAp-PEA hydrogel, as
seen in Figure 5. Hopefully in the near future, an improved procedure for preparation and injection
of hydrogels will be written. This in turn will allow for the gels to thrive and better promote
osteogenesis with exceptional bioactivity in the human body. Just this past September, scientists

Ewing 13
successfully injected nHAp-PEA into the tissue of the heart in patients who previously suffered
from a heart attack. Major tissue repair was observed and function was restored—resulting in the
first successful hydrogel made from natural scaffolding of the heart muscle tissue approved by the
FDA14. This gives tremendous hope to the future of medicine hopefully acting as a catalyst for
improved synthesis of hydrogels for bone regeneration.
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